Fertilization occurs when sperm and egg recognize each other and fuse to form a new, genetically distinct organism. The molecular basis of sperm-egg recognition is unknown, but is likely to require interactions between receptor proteins displayed on their surface. Izumo1 is an essential sperm cell-surface protein, but its receptor on the egg has not been described. Here we identify folate receptor 4 (Folr4) as the receptor for Izumo1 on the mouse egg, and propose to rename it Juno. We show that the Izumo1-Juno interaction is conserved within several mammalian species, including humans. Female mice lacking Juno are infertile and Juno-deficient eggs do not fuse with normal sperm. Rapid shedding of Juno from the oolemma after fertilization suggests a mechanism for the membrane block to polyspermy, ensuring eggs normally fuse with just a single sperm. Our discovery of an essential receptor pair at the nexus of conception provides opportunities for the rational development of new fertility treatments and contraceptives.
Fertilization is the culminating event in sexual reproduction and requires the fusion of haploid sperm and egg to create a new, genetically distinct, diploid organism. Sperm acquire the ability to fertilize the egg within the female reproductive tract by exposing previously concealed receptor proteins onto their surface following the acrosome reaction 1 . Once fertilized, both the oolemma and zona pellucida are biochemically altered, making the egg unreceptive to additional sperm and thereby reducing the chances of creating nonviable polyploid embryos 2 . Several receptor proteins have been implicated in the recognition and/or fusion process 3 , but just two significantly affect fertility in vivo: Izumo1 on sperm 4 , and CD9 on eggs [5] [6] [7] . Izumo1 (named after a Japanese marriage shrine) is redistributed to the surface of capacitated sperm 8 , and Izumo1-deficient malebut not female-mice are infertile because sperm lacking Izumo1 cannot fuse with eggs 4 . Recombinant Izumo1 binds both wild-type and CD9deficient eggs, suggesting that Izumo1 interacts with an egg receptor other than CD9 9 . Glycophosphatidylinositol (GPI)-anchored receptors on the egg are essential for fertilization because removing them either enzymatically 10 or genetically 11 renders eggs infertile. Despite these advances, the molecular basis of gamete recognition in mammals is unknown; in part, this is due to the scarcity of eggs, the challenges in solubilising membrane-embedded proteins, and the often transient nature of their extracellular interactions 12 . To address these challenges, we have developed techniques to identify low-affinity extracellular interactions and apply them here to investigate sperm-egg recognition in mammals. We now describe the Izumo1 egg receptor as folate receptor 4 (Folr4), a GPI-anchored protein expressed on the egg surface that is essential for female fertility. Because of its role in fertilization and inability to bind folate, we have renamed this protein 'Juno' after the Roman goddess of fertility and marriage.
Juno is the Izumo1 receptor on oocytes
To identify an egg receptor for Izumo1, we expressed the entire ectodomain of mouse Izumo1 in mammalian cells for use as a binding probe. With the expectation that interactions with its extracellular egg receptor would be weak, we oligomerized the Izumo1 ectodomain to increase binding avidity by using a peptide sequence from a cartilage protein that forms pentamers 12 (Extended Data Fig. 1 ). The avid Izumo1 probe, but not a control protein, bound the oolemma of mouse oocytes (Fig. 1a) .
To determine the molecular identity of the egg binding partner for Izumo1, we used a mouse oocyte complementary DNA library in an iterative expression cloning approach (Extended Data Fig. 2 ). In each round of selection, an increasing fraction of transfected cells bound Izumo1 until three independently selected plasmid clones conferred Izumo1 binding ( Fig. 1b ). All three clones contained the same cDNA, encoding the folate receptor 4 (Folr4) gene. Folr4 is one of three folate receptor paralogues in mouse whose main role is thought to involve folate uptake. Folr4 is expressed on CD4 1 CD25 1 regulatory T cells in mice 13 and is being tested as an anti-tumour therapy [13] [14] [15] as well as a mediator of responses to dietary folate [16] [17] [18] , but no functional role on oocytes has been reported. Using recombinant proteins, we showed that, unlike Folr1 and Folr2, Folr4 was unable to bind to folate (Extended Data Fig. 3a ), which was expected given differences in amino acids known to be critical for folate binding 19, 20 (Extended Data Fig. 3b ). On the basis of these and subsequent findings, we renamed the gene encoding this protein 'Juno'. Using an anti-Juno monoclonal antibody, we showed that Juno expression matched the binding pattern of the recombinant Izumo probe on ovulated oocytes (Fig. 1c ). Preincubating oocytes with the anti-Juno antibody prevented all detectable binding of the Izumo1 probe, demonstrating that Juno is the sole Izumo1 receptor on oocytes ( Fig. 1d ). Similar to other folate receptor paralogues, the protein sequence of Juno suggested the presence of a carboxy-terminal GPI-anchor site. Given the known importance of oolemmal GPI-linked proteins in fertilization 10, 11 , we tested whether Juno was tethered to the membrane by a GPI anchor. A large fraction of cell-surface Juno staining was lost after phosphoinositide phospholipase C (PIPLC) treatment of either HEK293 cells transfected with the Juno cDNA ( Fig. 1e ) or oocytes ( Fig. 1f ), demonstrating that Juno was GPI-anchored, consistent with previous results 21 . Taken together, these data identify Juno as the Izumo1 receptor expressed on oocytes.
Izumo1-Juno interaction is conserved
To show that Izumo1 and Juno interacted directly, and to quantify the biophysical parameters of the interaction, we expressed and purified the entire ectodomain of Juno and measured its binding to Izumo1 using surface plasmon resonance (SPR) ( Fig. 2a ). Like other extracellular interactions measured using this technique, the interaction was shown to be highly transient with a K D of ,12 mM (Extended Data Fig. 4 ). Juno contains a single globular domain 19, 20 , whereas Izumo1 contains both an immunoglobulin superfamily domain and a unique amino terminus termed the Izumo domain 22 . Consistent with the recent finding that the Izumo domain is sufficient for egg binding 9 , we expressed the individual domains of Izumo1 and showed, using an assay designed to detect direct low-affinity extracellular protein interactions called avidity-based extracellular interaction screen (AVEXIS) 23 , that it is the Izumo domain that contains both the OBF13 epitope and Juno binding site (Extended Data Fig. 5 ). Both Izumo1 and Juno belong to small paralogous gene families which, in mouse, contain four and three members, respectively. We expressed the entire ectodomains of Izumo1, 3 and 4 (the Izumo2 paralogue did not express) and used the AVEXIS assay to screen systematically for all possible pairwise interactions with the three Folr paralogues. We observed that only mouse Izumo1 and Juno could interact ( Fig. 2b ). Clearly identifiable Izumo1 and Juno orthologues exist in all sequenced mammalian genomes, including marsupials. To determine whether the interaction was conserved within mammals, we expressed the entire ectodomains of both Izumo1 and Juno orthologues from humans, pig (Sus scrofa) and opossum (Monodelphis domestica) and assessed binding using the AVEXIS assay. Clear binding between the orthologues was observed, demonstrating that the interaction is conserved within mammals ( Fig. 2c ).
Juno is essential for fertilization
To assess the role of Juno in fertilization, we first added an anti-Juno monoclonal antibody that blocks the Izumo-Juno interaction ( Fig. 1d ) into in vitro fertilization (IVF) assays. The anti-Juno antibody potently prevented fertilization ( Fig. 3a) , with no detectable fertilization events even when used at concentrations as low as 0.1 mg ml 21 (Extended Data Fig. 6 ). Using similar approaches, previous research in this area has identified promising candidates for sperm-egg recognition that, when genetically deleted, have been shown to be dispensable for fertilization 3 .
To determine whether Juno was essential for fertilization, we created Juno-deficient mice using embryonic stem cells disrupted at the Folr4 locus using a gene trap allele: Folr4 tm1a(KOMP)Wtsi (Extended Data Fig. 7 ). Both Juno 2/2 male and female mice developed indistinguishably from wild-type controls, showing normal rates of growth and morphology and were overtly healthy. Whereas Juno 2/2 male and Juno 1/2 female mice were fertile, by contrast, Juno 2/2 females failed to produce any litters during three months of continuous mating with wild-type males of proven fertility (Fig. 3b ). Female Juno 2/2 mice exhibited natural mating behaviours, as assessed by vaginal plug formation and the presence of motile sperm in the reproductive tract when paired with fertile wild-type males. Juno 2/2 females responded to hormone treatment by ovulating morphologically normal eggs at numbers that did not significantly differ from wild-type. Juno 2/2 eggs recovered at embryonic day 0.5 after superovulation and natural mating were not fertilized and had more sperm within their perivitelline space compared to wild-type eggs, demonstrating that the zona pellucida of Juno 2/2 eggs could be 
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penetrated by wild-type sperm in vivo, which then either did not bind or fuse with the oolemma (Fig. 3c ). To investigate this further, we removed the zona pellucida from Juno 2/2 eggs and found that they could not be fertilized with wild-type sperm in IVF assays, as assessed by counting the number of fused sperm and formed pronuclei per egg ( Fig. 3d, e ). This is consistent with a role for the Izumo1-Juno interaction in spermegg adhesion or fusion. To distinguish between these possibilities, normally non-fusing HEK293 cells were separately transfected with plasmids encoding either Juno or Izumo1 cDNAs and mixed. No syncytia were observed in the mixed cultures, indicating that the interaction is not sufficient for cell fusion (Extended Data Fig. 8a ). Furthermore, acrosomereacted normal sperm did not bind as efficiently to zona-free Junodeficient eggs as wild-type controls (Extended Data Fig. 8b ). Together, these findings indicate that the Izumo1-Juno interaction is a necessary adhesion event between sperm and egg that is required for fertilization.
Juno is rapidly shed after fertilization
After fertilization, oocytes become largely refractory to further sperm fusion events to prevent the creation of nonviable polyploid embryos due to polyspermy. This is achieved through both a relatively slowacting (.1 h) hardening of the zona pellucida caused by the action of enzymes released from cortical granules after egg activation, and a fasteracting block involving biochemical changes in the oolemmal membrane. In broadcast-spawning frogs and aquatic invertebrates, the membrane block to polyspermy is very fast (a few seconds to minutes) and is achieved by electrically depolarizing the oolemma 24 . In mammals, the membrane block occurs over a longer timeframe (30-45 min), and despite being first described 60 years ago, its mechanistic basis remains a mystery 2 . Given the essential role of Juno in fertilization, we explored the role it might play in establishing the membrane block to polyspermy. Interestingly, cell-surface Juno was rapidly lost after fertilization, being only weakly detectable in zona-intact fertilized eggs at telophase II and undetectable at the pronuclear stage ( Fig. 4a ). Similarly, Juno was barely detectable on anaphase-II-stage zona-free oocytes, approximately 30 to 40 min after fertilization (Extended Data Fig. 9 ). Folate receptors are known to take up extracellular dietary folate by endocytosis 25 and we therefore used immunogold electron microscopy to determine the subcellular localization of Juno following fertilization. Surprisingly, we observed that Juno was not internalised after fertilization but present in extracellular vesicles, presumably derived from the microvillus-rich oolemma that undergoes significant architectural changes upon fertilization 26 (Fig. 4b ). Some methods of fertilization, such as intracytoplasmic sperm injection (ICSI) and parthenogenetic activation, do not lead to the establishment of an effective membrane polyspermic block 2 . Consistent with a role for Juno in the membrane block to polyspermy, eggs fertilized either by ICSI, or parthenogenetically activated by ethanol, did not lose cell-surface expression of Juno (Fig. 4c ). The rapid shedding of Juno from the egg membrane within vesicles after fertilization therefore provides a possible mechanism for the membrane block to polyspermy in mammalian eggs.
Discussion
To our knowledge, the discovery of Juno as the binding partner for Izumo1 identifies these proteins as the first cell-surface receptor pair essential for gamete recognition in any organism. Importantly, both female Juno and male Izumo1-deficient mice are infertile, suggesting that the interaction is essential for normal fertilization. Comparing our findings with recent advances in the molecular understanding of cellular fusion in other biological contexts suggests that the Izumo1-Juno interaction performs a necessary adhesion step rather than acting as a 
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membrane 'fusogen'. Unlike established fusogens such as the EFF-1 and AFF-1 proteins 27 or syncytins 28 , that are sufficient for fusion, Juno and Izumo1 do not induce the formation of syncytia when ectopically expressed on neighbouring non-fusing cells. Essential adhesion processes are required in other cellular fusion systems such as myofibre formation in both Drosophila 29 and vertebrates 30 , suggesting that membrane fusion requires the action of other membrane proteins such as myomaker 31 . The expected but remarkably low in vitro binding affinity between soluble monomeric Juno and Izumo1 suggests that local clustering of Juno within the oolemma is important to ensure a sufficiently high binding avidity for productive interactions, a role that could be performed by the tetraspanin CD9. Tetraspanins are known to organize other membrane proteins within microdomains 32 , and quantitative differences in sperm adhesion to CD9-deficient eggs have been reported 33 . This may also explain why female mice lacking CD9 have reduced fertility 5-7 , unlike Juno-deficient mice which are completely infertile. The ability of CD9 to organize Juno within the oolemma may be indirect because oocytes lacking CD9 have an altered membrane architecture 34, 35 . Several pieces of evidence point to the rapid loss of Juno from the egg membrane after fertilization as the mechanistic basis for the membrane block to polyspermy in mammals. First, cell-surface Juno is essential for fertilization; second, it is undetectable on the oolemma approximately 40 min after fertilization, in excellent agreement with the timing of the membrane block 36 ; third, the membrane block is both a graded response 37 and associated with the loss of sperm binding sites 38 , consistent with the gradual loss of a surface receptor; and fourth, surface Juno expression is not lost in ICSI-fertilized or parthenogeneticallyactivated eggs that do not form an effective membrane block 39 . One further possibility is that because Juno is shed as vesicles after fertilization, this creates a zone of 'decoy eggs' confined within the perivitelline space that could bind to and efficiently neutralise incoming acrosomereacted sperm to increase the potency of the sperm block. In conclusion, our discovery of an extracellular receptor pair essential for fertilization provides a focus for the rational development of novel contraceptives and fertility treatments.
METHODS SUMMARY
Transgenic mice. All animal experiments were performed in accordance with local ethical and UK Home Office regulations. Juno-deficient mice (Folr4 tm1a(KOMP)Wtsi ) were generated by the Sanger Institute Mouse Genetics Project from Folr4-targeted mouse embryonic stem cells as part of the International Knockout Mouse Consortium, essentially as described 40 . Acrosome reporter mice (B6;B6C3-Tg(Acro3-EGFP)01Osb) 41 , where the enhanced green fluorescent protein labels acrosome-intact sperm, were obtained from the RIKEN BioResource Centre. Wild-type eggs were obtained from BJCB strain mice for IVF, parthenogenetic activation and ICSI procedures. Sibling C57BL6/6N wild-types were used as controls in all other experiments. In vitro fertilization assays and ICSI. IVF and ICSI were performed as previously described 42, 43 . Eggs were collected from hormone-primed females and sperm were capacitated before mixing. Fertilization and egg activation were assessed by staining sperm DNA and egg chromosomes. Acrosome-reacted sperm were identified using Acro3-EGFP reporter mice. Juno expression analysis was performed by immunofluorescence and images acquired with a Leica SP5 confocal microscope. Fertilization was quantified by counting decondensed sperm heads in the egg cytoplasm, or scoring the number of pronuclei. Recombinant protein production and expression cloning. All protein expression constructs were made by gene synthesis (GeneArt). Protein production, purification, AVEXIS assays and SPR were performed essentially as described 23, 44 . The Juno cDNA was identified by iterative rounds of selection by transfecting adherent HEK293T cells with a commercially available mouse oocyte cDNA library, NIH_ MGC_257_N (Express Genomics, USA).
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METHODS
Generation and breeding of transgenic mice. All animal experiments were performed in accordance with local ethical and UK Home Office regulations. Junodeficient mice contain a 'knockout-first' allele targeted to the Juno/Folr4 genomic locus named Folr4 tm1a(KOMP)Wtsi and were obtained from the Knockout Mouse Project resource (KOMP-CSD ID:28054) 40 . Briefly, mouse embryonic stem cells derived from C57BL/6N mice containing the correctly targeted Juno/Folr4 locus were injected into mouse blastocysts and transplanted in pseudopregnant mice to generate chimaeras. Highly (80-90%) chimaeric males were mated with C57BL/ 6NTac females and germ line transmission of the targeted allele confirmed by PCR. The tm1a heterozygous mice were bred to obtain homozygous mice and sibling C57BL6/6N wild types were used as controls, as appropriate. Animals were genotyped using DNA extracted from ear biopsies using TaqMan Sample-to-SNP Kit and used as the template for short range PCR. Wild-type and mutant alleles were amplified using the same forward primer: Juno-F: 59-CACTGTCTGATGAGGGC CAG-39 and two different reverse primers: Juno-R 59-AGAGCCCAGGAGGGAA CAACCTC-39 for the wild-type allele, Cas-R 59-TCGTGGTATCGTTATGCGCC-39 for the mutant allele. To rule out the possibility that the fertility defect was due to closely linked secondary mutations, a second colony of Juno-deficient mice were created using an independent embryonic stem cell clone targeted with the same gene trapping allele: Folr4 tm2a(KOMP)Wtsi (KOMP-CSD ID:28055); homozygous Juno tm2a/tm2a mutant females were also infertile. The fertility defect was rescued by reverting the Juno tm2a allele essentially to a wild-type 'floxed' Juno tm2c allele by crossing to mice that constitutively and ubiquitously express the FLPe-recombinase from the Rosa26 locus (Rosa26 Fki mice). Revertant homozygous (Juno tm2c/tm2c ) eggs were fertile in IVF assays (Extended Data Fig. 7 ). Male and female fertility was assessed in long-term mating tests by pairing homozygous and heterozygous Juno adult transgenic mice with wild-type animals of proven fertility and the number of pups was monitored continuously for three months. In vivo fertilization was assessed by recovered oocytes from ampullae at embryonic day 0.5, fixed in 2% formalin, and stained with DAPI to quantify the number of fertilized eggs. Sperm in the perivitelline space were quantified using a Leica SP5/DM6000 confocal microscope. Acro3-EGFP, acrosome reporter mice (B6;B6C3-Tg(Acro3-EGFP)01Osb) 41 were obtained from the RIKEN BioResource Centre. In vitro fertilization. In vitro fertilization was performed essentially as described 42 . Briefly, female mice were superovulated by injecting 5 IU of pregnant mare serum gonadotropin and 5 IU of human chorionic gonadotropin 48 h later. Wild-type eggs were collected from the BJCB strain (CBA ,Wtsi.;C57BL/6J-Jax F1) for in vitro fertilization, ICSI, parthenogenetic activation and antibody staining. Eggs recovered 13 h after hCG were freed from cumulus cells by a brief incubation in EmbryoMax M2 medium supplemented with hyaluronidase (Millipore), washed in M2 medium (Sigma) and where indicated, the zona pellucida was removed by a rapid treatment with EmbryoMax acidic Tyrode's solution (Millipore). Sperm were collected from the caudae epididymes of adult (.8 week-old) male mice and cultured for 1 h in HTF medium. In vitro fertilization assays were performed using groups of 30 to 60 eggs which were inseminated in 100-ml drops of HTF medium containing 1 3 10 5 -2 3 10 5 sperm. Eggs were fixed at the indicated stage for 20 min with 2% formalin in M2, and fertilization quantified by visualization of decondensed sperm head nuclei or pronuclei formation. For antibody blocking experiments, anti-Juno/Folr4 monoclonal antibody was added to zona-free eggs and incubated for ten minutes before adding sperm. Parthenogenetic activation of eggs was achieved by a six minute incubation in 7% ethanol, followed by washes in M2 medium. Eggs were then cultured for five hours to assess completion of the second meiotic division and formation of the female pronucleus. Intracytoplasmic sperm injection. Intracytoplasmic sperm injection (ICSI) was carried out as described 43 with some modifications. Epididymes were placed into 1 ml 37 uC HEPES-buffered-CZB media (H-CZB) in an Eppendorf tube and three to four incisions made to release sperm and incubated at 37 uC for 30-45 min to allow sperm to 'swim up'. Injections were performed by first applying one or more piezo pulses to 'drill' through the zona pellucida (piezo settings, intensity: 20, speed: 10, pulse: infinity) then a single piezo pulse was applied (piezo settings, intensity: 1-3, speed: 1-3, pulse: 1-3) to gently break the oolemma; finally, a single sperm head previously separated from the mid-piece and tail by piezo (piezo settings, intensity: 20, speed 10, pulse: infinity) was deposited immediately into the oocyte. Surviving oocytes were placed into a 100 ml equilibrated drop of KSOM medium after 'resting' for 10 min at room temperature. Eppendorf micromanipulators, microinjectors and a piezo actuator were used for the ICSI procedure (NK2 Transferman, Cell tram vario, Cell tram air and Piezoexpert). Recombinant protein production. The regions encoding the entire extracellular domains of Izumo1 and Juno orthologues were made by gene synthesis and codon optimised for expression in human cells (GeneArt). Protein sequences for Izumo1 orthologues were: mouse, Mus musculus (Uniprot accession number Q9D9J7); human, Homo sapiens (Q8IYV9); pig, Sus scrofa (F1RIQ7) and opossum, Monodelphis domestica (H9H653). Juno/Folr4 were: mouse (Q9EQF4); human (A6ND01); pig (F1STK4); and opossum (F7AHC3). Mouse Izumo and Juno paralogues were: Izumo2 (Q9DA16), Izumo3 (A6PWV3), Izumo4 (D3Z690), Folr1 (P35846), and Folr2 (Q05685). The rat CD200 and CD200R were used for positive controls as described 44 . All ectodomains were flanked by unique NotI and AscI sites that were used to clone them into protein expression vectors that encoded either biotinylated 'baits' or pentameric Flag-tagged 'preys' 45 . An expression construct produced in exactly the same manner containing the Izumo2 paralogue did not produce any protein in several independent transfections. The Izumo and Ig-like domain fragments were amplified from the entire ectodomain construct by PCR and either cloned into the normal biotinylated 'bait' vector (Izumo domain) or a vector that contained an exogenous signal peptide (Ig-like domain) 46 . Proteins were expressed as secreted proteins in HEK293E cells 47 . Expression cloning. The Izumo1 receptor was identified by an expression cloning method as described 48 , using a normalized mouse oocyte cDNA library (NIH_ MGC_257_N, Express Genomics, USA). Initial sequencing of randomly-selected clones confirmed that the library contained a good fraction of unique full-length cDNAs: 130/161 (81%) of randomly sequenced plasmids were unique, and 18% were full-length as determined by the presence of the start methionine and stop codon. The cDNA library was plated at a density of ,100 colonies per plate and pools of purified plasmids were transfected using Lipofectamine 2000 (Invitrogen) into HEK293T cells (ATCC catalogue no. CRL-3216) grown as adherent monolayers in flat-bottomed 48-well microtitre plates. After 48 h, cells were incubated with the Flag-tagged Izumo binding probe for 30 min, washed, fixed with a 4% formalin solution and stained with an anti-Flag Cy3 (Sigma). Wells were manually inspected for Izumo1 staining with an epifluorescence microscope and plasmid pools that resulted in positive Izumo1 staining were used to transform DH5a Escherichia coli. Plasmids were purified from individual colonies grown in 96-well blocks, pooled into groups of twelve, and HEK293T cells again transfected and tested for Izumo1 binding 48 h later as described above. A final round of Izumo1 staining was performed with individual plasmids from the positive pools to identify three independent positive clones which were sequenced using Sanger dideoxy sequencing to identify Folr4, which was renamed Juno. Staining mouse eggs with avid recombinant proteins and antibodies. To detect the Izumo1 probe binding to the oolemma, purified pentamerized Flag-tagged Izumo1 was added to unfixed eggs. After 30 min at 37 uC, eggs were fixed with 2% formalin, washed, and stained with anti-Flag-Cy3 antibody diluted 1:500 in M2 medium. Izumo1 binding to HEK293T cells was detected using the same method, except that protein and antibody were diluted in PBS/2% BSA. Juno was detected on eggs fixed with 2% formalin using the anti-Juno/Folr4 monoclonal antibody diluted to 2 mg ml 21 in M2 medium, washed, followed by an anti-rat Alexa Fluor 488. Stained eggs were mounted on a microscope glass in SlowFade with DAPI (Molecular Probes). Samples were analysed with Leica SP5/DM6000 confocal microscope. Extracellular protein interaction screening by AVEXIS. Bait and prey proteins were normalized to activities suitable for the AVEXIS assay as described 49 . Biotinylated baits that had been either purified or dialysed against HBS were immobilised in streptavidin-coated 96-well microtitre plates (NUNC). Preys were incubated for two hours, washed 33 HBS/0.1% Tween-20, 13 HBS and 125 mg ml 21 of nitrocefin added, and absorbance values measured at 485 nm on a Pherastar plus (BMG laboratories). A protein consisting of the rat CD4d314 tag alone was used as a negative control bait and a biotinylated anti-CD4 monoclonal antibody (anti-prey) used as a positive control as required. The mouse Izumo1-Juno interaction has been repeated more than three times in the laboratory by AVEXIS using independent protein preparations; importantly, the interaction is observed if the Izumo1 or Juno proteins are presented as either the bait or prey. Similarly, the Izumo1-Juno interactions from different mammalian species were repeatable and independent of the bait-prey orientation. Antibodies. Antibodies were obtained from the following suppliers: mouse antirat CD4d314, clone OX68 (AbD Serotec), rat anti-mouse Folr4/Juno, clone TH6 (BioLegend), Armenian hamster anti-mouse CD55, clone RIKO-3 (BioLegend), rat anti-trinitrophenol1KLH IgG 2b isotype control (BioLegend), anti-Flag-Cy3 conjugated (Sigma), anti-rat AlexaFluor 488 and 568 (Molecular Probes), mouse anti-mouse Izumo1 OBF13 was a gift from N. Inoue and M. Okabe. Surface plasmon resonance. Protein interactions were quantified by surface plasmon resonance studies as implemented in a Biacore T100 instrument (GE Healthcare). Briefly, biotinylated proteins were immobilised on a streptavidin-coated sensor chip. Approximately 450 RU of rat CD4d314 was used as a reference and approximate molar equivalents of biotinylated mouse Izumo1CD4d314 protein immobilised in the query flow cell. Purified mouse JunoCD4d314-6His protein was resolved by gel filtration just before SPR experiments to remove any aggregated protein which influence the measurement of kinetic parameters. Increasing concentrations of purified JunoCD4d314-6His was injected at 10 ml min 21 for equilibrium measurements whereas high flow rates (100 ml min 21 ) were used for kinetic RESEARCH ARTICLE measurements to reduce the confounding effects of analyte rebinding. Although essentially all the bound Juno dissociated during the wash-out phase, the surface was 'regenerated' with a pulse of 2 M NaCl at the end of each cycle. Equilibrium binding measurements were taken once equilibrium had been reached using referencesubtracted sensorgrams. Duplicate injections of the same concentration of Juno CD4d314-6His in each experiment were superimposable demonstrating no loss of activity after regenerating the surface. Both kinetic and equilibrium binding data were analysed in the manufacturer's Biacore T100 evaluation software (GE Healthcare) and all experiments were performed at 37 uC. Enzyme-linked immunosorbent assay (ELISA) and western blotting. Biotinylated proteins were captured on streptavidin-coated plates for one hour before adding 10 mg ml 21 primary antibody for 90 min. Plates were washed in HBS/0.1% Tween-20 (HBST) before adding the appropriate secondary antibody conjugated to alkaline phosphatase (Sigma). Plates were washed 33 HBST and 13 HBS before adding 100 ml p-nitrophenyl phosphate (Sigma 104 alkaline phosphatase substrate) at 1 mg ml 21 in diethanolamine buffer. Absorbance readings were taken at 405 nm on a Pherastar plus (BMG laboratories). Where appropriate, proteins were denatured by heat treatment at 90 uC for 10 min. ELISAs were performed at room temperature.
Western blotting was performed essentially as described 50 . Briefly, secreted biotinylated Izumo1 domains were normalized and resolved under non-reducing conditions by SDS-PAGE and blotted to Hybond-P PVDF membrane (GE Healthcare) for 2 h at 30 V. After blocking for 1 h with 2% BSA, the membrane was incubated for 1 h with OBF13 diluted 1:200 in PBST/2% BSA, washed three times and incubated with an horseradish peroxidase (HRP)-conjugated anti-mouse antibody. Proteins were detected using SuperSignal West Pico Chemiluminescent substrate (Thermo Scientific). Folate binding assays. Endogenous folate was first dissociated from its receptor and adsorbed to activated charcoal by incubating the biotinylated proteins for 20 min at 4 uC in 250 mM NaCl, 25 mM sodium acetate, 1% Triton X-100, 15% FBS and 40 mg ml 21 charcoal, pH 3.5 as described 20 . After centrifugation, the solution was adjusted to pH 7.4 and the proteins were captured on streptavidin-coated plates for one hour. Folic acid conjugated to HRP (C057 CalBioreagents, USA) was diluted 1:150 in 25 mM Tris pH 8.0, 150 mM NaCl, 0.1% Triton X-100, and incubated for 1 h. Finally, the plates were washed, 100 ml of Ultra-TMB substrate (Pierce Biotechnology) was added and absorbance readings were taken after 45 min. PIPLC treatment. Zona-free metaphase-II eggs or HEK293 cells transfected with an expression construct encoding full length Juno were treated with PIPLC (Sigma) for 30 min at 37 uC in HTF medium, washed and fixed with a 2% formalin solution. The presence of Juno was determined using the anti-Juno/Folr4 antibody using either immunocytochemistry by confocal microscopy (eggs) or flow cytometry (transfected
